Gap genes are among the first transcriptional targets of maternal morphogen gradients in the early Drosophila embryo. However, it remains unclear whether these gradients are indeed sufficient to establish the boundaries of localized gap gene expression patterns. In this study, we address this question using gap gene circuits, which are data-driven mathematical tools for extracting regulatory information from quantitative wild-type gene expression data. We present new, quantitative data on the mRNA expression patterns for the gap genes Krü ppel (Kr), knirps (kni) and giant (gt) during the early blastoderm stage of Drosophila development. This data set shows significant differences in timing of gap gene expression compared to previous observations, and reveals that early gap gene expression is highly variable in both space and time. Gene circuit models fit to this data set were used for a detailed regulatory analysis of early gap gene expression. Our analysis shows that the proper balance of maternal repression and activation is essential for the correct positioning of gap domains, and that such balance can only be achieved for early expression of kni. In contrast, our results suggest that early expression of gt requires local neutralization of repressive input in the anterior region of the embryo, and that known maternal gradients are completely insufficient to position the boundaries of the early central Kr domain, or in fact any Kr-like domain in the central region of the blastoderm embryo. Based on this, we propose that unknown additional regulators must be involved in early gap gene regulation.
Introduction
The segmented body plan of Drosophila melanogaster becomes determined during the blastoderm stage, around three hours after egg deposition (AED; Simcox and Sang, 1983) . Segment determination involves the establishment of a periodic prepattern of gene expression by the segmentation gene network (reviewed in St Akam, 1987; Ingham, 1988) , which is subdivided into four hierarchical layers consisting of (1) maternal coordinate, (2) gap, (3) pair-rule and (4) segment-polarity genes (Nü sslein-Volhard and Wieschaus, 1980) . Maternal genes are upstream of other segmentation genes in a strict sense, because they are first expressed during oogenesis, while segment polarity genes are downstream in a strict sense because they do not begin to be expressed until gastrulation. While gap and pair-rule genes are both expressed in the blastoderm, it is almost always true that gap genes regulate pair-rule and not the converse. There is extensive cross-regulation among genes within the same hierarchical layer.
The segmentation prepattern arises from initial asymmetries along the antero-posterior (A-P) axis of the embryo, which are provided by spatial gradients of the maternal transcription factors Bicoid (Bcd), Hunchback (Hb) and Caudal (Cad) (reviewed in St Johnston and Nü sslein-Volhard, 1992) . The Bcd gradient is formed by protein diffusion from the anterior pole where bcd messenger RNA (mRNA) is localized (Frigerio et al., 1986; Berleth et al., 1988; Driever and Nü sslein-Volhard, 1988b; Boring et al., 1993) . Bcd in turn is responsible for the formation of the posterior Cad gradient by translational repression of uniformly distributed cad mRNA in the anterior region of the embryo (Mlodzik et al., 1985; Macdonald and Struhl, 1986; Dubnau and Struhl, 1996; Rivera-Pomar et al., 1996) . Analogously, ubiquitous maternal hb mRNA is translationally repressed by Nanos (Nos) in the posterior region of the embryo (Tautz et al., 1987; Tautz, 1988; Murata and Wharton, 1995) .
The initial expression of gap genes cannot be established by gap-gap cross-regulation. Localized domains of gap gene mRNA are observed during the early blastoderm stage (this work and Knipple et al., 1985; Tautz et al., 1987; Rothe et al., 1989; Mohler et al., 1989; Pritchard and Schubiger, 1996) , before zygotic gap proteins can be unambiguously detected (Gaul and Jäckle, 1987; Eldon and Pirrotta, 1991; Kraut and Levine, 1991b; Poustelnikova et al., 2007) . Since there is no evidence that gap gene mRNA is involved in transcriptional regulation, this implies that early gap domain boundaries must be established exclusively by maternal cues. This is consistent with evidence that the positions of several of these boundaries depend on maternal regulatory input in a concentration-dependent manner Nü sslein-Volhard, 1988a, 1989; Struhl et al., 1989; Gao and Finkelstein, 1998) . The only known candidate regulators are the spatially non-uniform maternal transcription factors Bcd, Hb, and Cad. The maternal terminal system (reviewed in Furriols and Casanova, 2003) cannot play a role, since its regulatory input to Krü ppel (Kr), knirps (kni), and giant (gt) is mediated by transcription factors encoded by the zygotic terminal gap genes tailless (tll) and huckebein (hkb) (Weigel et al., 1990; Brö nner and Jäckle, 1991) . Proteins expressed from these genes are not present when localized gap gene expression is initiated (Pignoni et al., 1990; Brö nner and Jäckle, 1991; Poustelnikova et al., 2007) .
It is an unanswered question whether or not gradients of Hb, Bcd, and Cad provide sufficient cues for the initial expression of gap genes in localized domains. The concentration profiles of these proteins only show significant gradient slopes in the anterior part of the embryo, while they are surprisingly flat more posteriorly (see Figs. 11B and C) , with very small levels of spatial and temporal asymmetry (see Figs. 11D and E) . Despite this apparent lack of instructional capacity, it is possible that sufficient cues exist in the posterior region of the embryo to initiate localized gap gene expression. In order to answer this question, an approach more comprehensive than the mere inspection of expression patterns is required.
Here, we address the question of the sufficiency of known maternal gradients for the initiation of gap gene expression by means of a systemic method for calculating the effects of interacting genes on one another. This method, called the gene circuit approach, is based on data-driven mathematical modeling (Mjolsness et al., 1991; Sharp, 1995, 1996; Jaeger et al., 2004a,b; Perkins et al., 2006 ) which permits precise analysis of the relationship between regulatory effects and expression patterns. Previously published analyses of the gap gene system by this method did not address this question, since these models showed premature appearance of gap protein -and hence gap-gap cross-regulatory interactions -due to the lack of protein production delays in the current gene circuit formalism Jaeger et al., 2004b) . Furthermore, earlier models did not consider gap gene mRNA concentrations. Here, we report an analysis of the instructive capacity of maternal gradients to specify the early mRNA expression patterns of Kr, kni and gt. A separate analysis of such early models -instead of adding production delays and mRNA concentrations to existing gap gene circuits (Jaeger et al., 2004a,b) -allows us to keep the analysis numerically tractable.
Gene circuits are computational tools which can be used in two distinct ways. First, they enable us to reconstitute wild-type gene expression patterns in silico, infer underlying regulatory interactions from these patterns, and keep track of all direct regulatory interactions in all nuclei at all times (Mjolsness et al., 1991; Sharp, 1995, 1996) . In other words, the gene circuit method provides evidence on regulatory interactions which is both independent of, and complementary to evidence gained from studies based on the visual inspection of mutant gene expression patterns (cf. Jaeger et al., 2004b) . This is achieved in four main steps: (1) formulation of a mathematical modeling framework, (2) collection of quantitative gene expression data, (3) fitting of the model to expression data to obtain regulatory parameters, and (4) biological analysis of the resulting gene circuit models (Fig. 1; Jaeger et al., 2004a,b) .
The second way of using gene circuits allows us to test which patterns of target gene expression are possible given a specific set of transcriptional regulators. Gene circuits fail to reproduce expression patterns unless a complete (i.e., sufficient) set of regulators is represented in the model Jaeger et al., 2004b) . This fact was exploited in a study where gene circuits including gap genes and the pair-rule gene even-skipped (eve) were fit to patterns of eve gene expression which had been shifted anteriorly or posteriorly by one or more nuclei (Reinitz et al., 1998) . In contrast to the original eve pattern, none of these shifted patterns were reproduced correctly by the model, indicating that the expression pattern of eve is the only pair-rule pattern which can be formed by regulatory input from gap genes alone.
Early gap gene circuits were obtained by optimization of models against a new quantitative data set of gap mRNA expression patterns during the early blastoderm stage of D. melanogaster. This data set increases accuracy and temporal resolution of previous qualitative studies, and reveals large amounts of temporal and spatial variability in early gap gene expression. Early gap gene circuit models were then used for a detailed regulatory analysis of the establishment of kni and gt mRNA domains. This analysis suggests that proper balance of Bcd activation and Hb repression is critical for the correct positioning of early kni and gt expression domain boundaries. In the case of gt, this balance can only be achieved if Hb repression is neutralized in the region of the anterior gt domain. Moreover, we show that known maternal gradients are not able to account for the early expression pattern of Kr, or indeed any gap-like expression domain in the central region of the early Drosophila blastoderm embryo. This strongly suggests that currently known maternal gradients are not sufficient to position the complete set of expression domain boundaries required for correct, localized early gap gene expression. 
Fit Model to Data
Maternal Gradients (1) Formulation of a mathematical model, (2) acquisition and processing of quantitative gene expression data, (3) fitting of models to quantitative expression data, and (4) biological analysis of the resulting gene circuits -with their specific maternal regulatory vectors -which yields a detailed picture of the regulatory dynamics underlying early gap gene expression. Models cover the time from the beginning of the blastoderm stage (one minute into interphase of cleavage cycle 10; t = 0.0 min) to the end of cycle 13 (47.2 min). The three rules of the model (interphase, mitosis, and nuclear division), and time classes used for comparison of model output to data are shown in (1). The mitotic schedule is based on Foe and Alberts (1983) and Foe (1989) . mRNA synthesis (transcription) and decay occur in each nucleus during interphase, while transcription is shut down during mitosis. Nuclei divide instantaneously and equally at the end of each mitosis. Each model includes maternal protein gradients of Bcd, Hb, and Cad as external regulatory inputs on a single gap gene (Kr, kni, or gt) . No gap-gap cross-regulatory interactions occur. (2) Embryos stained against Kr mRNA, shown at time classes C12, C13A, and C13B. Anterior is to the left, dorsal is up. Graphs show integrated Kr expression data (green) for each time class. Relative nuclear mRNA concentration is plotted versus A-P position in percent (where 0% is the anterior pole). See text for details.
Early gap gene circuit models
The early gap gene circuit models presented here cover the time from the beginning of the blastoderm stage (one minute into interphase of cleavage cycle 10) to the end of cycle 13 (Foe and Alberts, 1983) . They span the region of the embryo from 25% to 85% A-P position (where 0% is the anterior pole), including all early gap domains between the peaks of the anterior and the posterior domains of gt (cf. Fig. 6 ). This region excludes the anterior domains of Kr and kni which depend on factors not considered here (Rothe et al., 1994; Strunk et al., 2001) , the anterior border of the anterior gt domain which forms during cycle 11 by an unknown regulatory mechanism (see Section 3), as well as the posterior border of the posterior gt domain which forms during late cycle 13 through repression by the zygotic terminal gap gene tll (see Fig. 6 and Eldon and Pirrotta, 1991; Kraut and Levine, 1991b) .
The basic objects of a gene circuit are dividing blastoderm nuclei denoted by index i. Regulation of the gap gene domains considered here is independent of patterning along the dorso-ventral axis (see, for example, Rothe et al., 1994) . Therefore, nuclei are arranged in a one-dimensional row along the A-P axis of the embryo (Fig. 1) . They divide instantaneously and equally at the end of each mitosis, according to the division schedule established by Foe and Alberts (1983) and Foe (1989) (Fig. 1) .
Each nucleus i contains maternal proteins (indexed by b) whose concentrations v b i are calculated by linear interpolation (in time) of nuclear protein expression data for Bcd, Hb, and Cad from the FlyEx data base (Poustelnikova et al., 2007) . These maternal factors regulate the synthesis of zygotic gap gene mRNA during interphase, while transcription is shut down during each mitosis ( Fig. 1 ; cf. Edgar and Schubiger, 1986; Edgar et al., 1989) .
Nuclear mRNA concentration is denoted by w a i , where index a represents Kr, kni or gt. Each of these gap genes can be modeled separately since we do not consider gapgap cross-regulatory interactions. Concentrations w a i are the state variables of the system. Early gap gene circuits describe the change in nuclear gap mRNA concentration over time ðdw a i =dtÞ by systems of ordinary differential equations (ODEs). Each model consists of 30 uncoupled ODEs (which correspond to 30 nuclei within the modeled region at cycle 13), with 6-9 parameters to be determined by optimization. We use coarse-grained kinetic equations of the general form
which approximate the exact biochemistry of transcription with a sigmoid regulation-expression function (1) provides for modulation of the regulatory effect of one regulator according to the presence or absence of others: such effects can range from synergistic potentiation of regulatory effect (if other proteins move u close to the threshold of g(u)) all the way to the abolition of regulatory effect (if other proteins move u far from threshold of g(u)). Cooperative effects of dimerization or cooperative binding to DNA are representable by high sensitivity of u a to protein concentrations, leading to a steep sigmoid similar to a higher order Hill function (Hill, 1985) . Context-or concentration-dependent changes in regulatory sign are permitted by some, but not all, of the formulations of u a considered here.
We explore several formulations of u a which implement regulatory inputs in different ways. Basic gene circuits (GC models) are directly derived from gene circuit models used in previous studies (Mjolsness et al., 1991; Jaeger et al., 2004a,b) . In these models,
where M is the total number of maternal regulators b. m b are the elements of a maternal regulatory vector (in the mathematical sense; Fig. 1 ). They characterize the regulatory effect of maternal regulator b on gap gene a as follows: b activates a if m b is positive, b represses a if m b is negative, and there is no effect of b on a if m b is close or equal to zero. Lastly, h a is a threshold parameter representing regulatory contributions of uniformly expressed maternal transcription factors.
We use an extended version of the basic GC model (eGC) to test whether minute -but possibly important -amounts of Kr, Kni, Gt, and Tll protein at cleavage cycle 12 and early cycle 13 (indexed by c) participate in the establishment of early gt and Kr domains. In these models,
where v c i represents linearly interpolated protein concentrations for zygotic proteins from the FlyEx data base (Poustelnikova et al., 2007) . N is the total number of such zygotic external inputs, and E c are the corresponding regulatory parameters, analogous to maternal regulatory parameters m b . Note that in eGC models, we consider gap-gap cross-regulatory, but never autoregulatory interactions which cannot be involved in the initial establishment of gap mRNA domains since they themselves require the presence of localized mRNA domains. Including such interactions in eGC models leads to model artifacts where gap protein domains establish their own mRNA domains (data not shown).
Next, we consider the possibility that the effect of a maternal regulator may depend on concentrations of localized maternal co-regulators. We implement such contextdependence of regulatory parameters by a symmetric maternal regulatory matrix m bc , where both indices b and c represent regulator proteins (3D models). This leads to a modified sum of regulatory contributions
which allows for factor b to have a different regulatory effect on gene a whether factor c is present or not.
Another modified gene circuit model allows concentration-dependent switching of the regulatory sign for Hb. This is motivated by experimental studies which proposed a dual regulatory effect of Hb on Kr with activation of Kr at low, and repression at high concentrations of Hb (Hü lskamp et al., 1990; Struhl et al., 1992; Schulz and Tautz, 1994) . It is implemented by splitting the regulatory term for the input of maternal Hb on Kr such that
where m 0 P 0 and m 1 6 0. Since the repressive parameter m 1 is multiplied by the square of v (4)).
Finally, we consider a non-additive version of u a to test whether nonlinear dependence of regulatory interactions on regulator concentrations could have an effect on the establishment of gap domain boundaries. Regulatory inputs depend on the logarithm of transcription factor concentrations (Log models). Thus, we write
where h a , m b and v b i represent threshold and regulatory parameters, as well as concentrations of maternal regulators equivalent to Eq. (2). For this model, maternal regulator concentrations v b i had to be renormalized to a minimum value of 1 to ensure consistency of regulatory signs for regulatory inputs.
The gene circuit modeling framework does not specify which specific regulatory interactions take place within a gap gene circuit. These interactions are determined by regulatory parameters m b , m bc or E c in the model equations described above. We seek estimates for the values of these parameters which cause gene circuit models to produce expression patterns that resemble measured gap gene expression as closely as possible. This is achieved by fitting the model to quantitative gap gene mRNA expression data using an optimization method called Lam simulated annealing (Fig. 1; Lam and Delosme, 1988a,b; Reinitz and Sharp, 1995, and Section 5) . Sets of parameter values obtained by optimization define specific early gap gene circuits and contain regulatory information extracted from the expression data. This information is then subjected to graphical regulatory analysis as described in detail in the Section 3 and Section 5 below.
Results

Gap gene expression in the early blastoderm
A quantitative, integrated data set of Kr, kni, and gt mRNA expression patterns during cleavage cycles 10-13 was prepared according to data acquisition and processing methods described in Section 5 (see Fig. 2 ). The following paragraphs provide a detailed description of the early gene expression patterns of each of these gap genes in turn.
No Kr mRNA can be detected during interphases of cleavage cycles 10 and 11 (Figs. 3A , B, G, and H). However, we detect transient Kr mRNA signal in the central region of the embryo during meta-or anaphase of mitoses 10 and 11 (Figs. 3A and B, insets; see also Pritchard and Schubiger, 1996) . Consistent with earlier observations (Knipple et al., 1985) , persistent expression in the central domain of Kr appears during interphase of cleavage cycle 12 (Figs. 3C and I). Expression levels are low at this stage. During cycle 13, central Kr expression increases rapidly expanding in both anterior and posterior direction (Figs. 3J-L and P-R). Early Kr mRNA patterns show punctate nuclear localization (''nuclear dots''; Figs. 3C, J, and K) -which correspond to active sites of transcription within nuclei (Kosman et al., 2004 ) -while later patterns show increasingly cytoplasmic localization and nuclear dots diminish in strength by late cycle 13 (Fig. 3L) .
In contrast to previous studies (Rothe et al., 1989 (Rothe et al., , 1994 Pritchard and Schubiger, 1996) , we are unable to detect any kni mRNA before mitosis 12 (Figs. 4A-C and G-I). Notably, we did not observe any transient early cell-cycle dependent kni expression during mitosis as reported in Pritchard and Schubiger (1996) and for Kr above. Low levels of kni mRNA appear within its posterior domain during mitosis 12 (Figs. 4J and P). Subsequently, levels of kni mRNA increase rapidly during cycle 13 in the posterior domain as well as in the anterior, ventral domain which is first detected during early cycle 13 (Figs. 4K, L, Q, and R). As is the case for Kr, kni mRNA becomes increasingly cytoplasmic during cycle 13.
No gt mRNA could be detected during cycle 10 (Figs. 5A and G), and in most embryos during cycle 11 (Figs. 5B and H). However, two embryos in cycle 11 (out of 11; cf. Table 1) show nuclear dots of anterior gt expression (Figs. 5C and I) . This is earlier than previously reported (Mohler et al., 1989; Kraut and Levine, 1991b) , and earlier than initial expression of Kr and kni (cf. increasingly cytoplasmic at early cycle 13, somewhat earlier than Kr or kni mRNA. Both gt domains sharpen as mRNA levels increase during cycle 13 (Figs. 5L and R). Integrated expression patterns for Kr, kni, and gt based on the entire data set are shown in Figs. 6A-O (see also Table 1 ). Note the large amount of embryo-to-embryo variability in the early expression patterns of all of these genes (Figs. 6P-R; see also Section 4).
Early kni gene circuits
The integrated data on early gap gene expression shown in Figs. 6A-O were used to fit early gap gene circuit models. We assume that maternal regulation of mRNA must be consistent with regulation of the corresponding protein expression pattern. Therefore, it was our aim in this study to test whether maternal regulatory inputs consistent with those presented in Jaeger et al. (2004b) can account for correct early gap gene expression in the absence of gap-gap cross-regulation. To achieve this, signs of regulatory parameters were constrained during optimization to ensure activation by Bcd and Cad, and repression by Hb (cf. Fig. 4 in Jaeger et al., 2004b) .
Basic early kni gene circuits (GC model; Eq. (2)) reproduce the posterior domain of kni quite accurately, with a very low root mean square (RMS) score of 7.5 ( Fig. 7 ; see Section 5 for the definition of RMS scores; see Table  2 for parameter values). Graphical regulatory analysis shows that the anterior boundary of this domain is set by Hb repression (Figs. 7C, G, and K), while kni is activated by a combination of inputs from Cad and Bcd. Bcd activation is stronger than that by Cad, and decreasing amounts of Bcd toward the posterior pole are responsible for setting the posterior border of kni (Figs. 7D, H , and L). B: kab14) . Nuclear data channels for kab36 and kab14 suggest that these embryos are in meta-or anaphase (data not shown; cf. Pritchard and Schubiger, 1996) . Note the large difference in boundary positions between (J) and (K). Embryo images: Anterior is to the left, dorsal is up. Graph axes represent relative mRNA concentration and percent A-P position (where 0% is the anterior pole). Graphs show nuclear mRNA concentrations in light green, cytoplasmic concentrations in dark green. See Section 5 for details on time classification and data quantification.
There are two significant patterning defects in early kni gene circuits. First, there is low-level spurious expression of kni expression during cycles 11 and 12 (asterisks in Figs. 7B and F). Second, the anterior boundary of the posterior kni domain is shifted posteriorly in model output compared to data (arrow in Fig. 7J ). Both of these defects are caused by an imbalance of Bcd activation and Hb repression. Strong activation by Bcd is required for setting the posterior boundary of posterior kni. This activation needs to be counterbalanced by strong Hb repression in the anterior part of the embryo, which leads to the slight posterior displacement of the anterior kni domain in the model.
Early gt gene circuits
Extensive exploration of parameter space -including optimization with constrained or unconstrained signs of regulatory parameters -failed to yield any gene circuits based on Eq. (2) (GC models) which reproduce both domains of early gt expression correctly. All of these models have very high RMS scores (25.3) caused by displaced domain boundaries and severe leakage of gt expression between its anterior and posterior domains (Figs. 8B, H, and N) . Graphical regulatory analysis reveals that this is caused by an imbalance between Hb repression and Bcd activation (Fig. 8S) . If Hb repression is too weak, the posterior gt domain expands anteriorly. In the anterior domain, however, strong Hb repression overwhelms activation by Bcd -especially during cycle 13 when Hb levels are rising (cf. Figs. 8G, M, and S). This cannot simply be compensated by increasing the strength of Bcd activation, since Bcd is responsible for positioning the posterior border of the anterior gt domain, so that increased activation by Bcd leads to posterior expansion of anterior gt expression.
Quantitative gap protein expression data (Poustelnikova et al., 2007) show that minute quantities of Kr protein may already be present in its central domain during cycle 12. We investigated whether this could prevent central gt leakage by including early Kr protein patterns as an external input in early gt gene circuits (eGC models; Eq. (3)). Although RMS scores are somewhat lower (19.6) in these models, and central gt leakage is significantly reduced during cycle 13 (due to Kr repression; Figs. 8O and T), there is no visible improvement of early gt expression during cycles 11 and 12 (Figs. 8C and I). The requirement for a delicate balance between Bcd activation and Hb repression leads to inconsistent regulatory mechanisms for the early anterior and posterior gt domains. This can only be overcome if Hb repression is locally excluded from the region of the anterior gt domain, which can be achieved in two alternative ways.
First, Hb repression can be neutralized anteriorly by a spatially specific co-regulator. We tested this possibility by using a modified gene circuit formalism with a context-dependent maternal regulatory matrix (3D circuits; Eq. (4)). Using this formalism, we obtained gene circuits which reproduce both domains of gt correctly -with an RMS score of 14.5 (Figs. 8D, J, and P). In these models, regulatory input of Hb on gt depends on the presence of either Bcd or Cad. In combination with Bcd -in the anterior region of the embryo -Hb acts as an activator of gt I H G Fig. 5 . Early mRNA expression pattern of gt. gt mRNA (A-C and J-L) and nuclear (D-F and M-O) data channels, as well as segmented gt mRNA data (G-I and P-R) are shown at cleavage cycle 10 (A, D, and G: embryo gaa12), cycle 11 (B, E, and H: gaa53; C, F, and I: gaa76), cycle 12 (J, M, and P: gaa04), early cycle 13 (K, N, and Q: gaa36) and late cycle 13 (L, O, and R: gaa51). Embryo images: anterior is to the left, dorsal is up. Graph axes represent relative mRNA concentration and A-P position as in Fig. 3 . Graphs show nuclear mRNA concentrations in light blue, cytoplasmic concentrations in dark blue. See Section 5 for details on time classification and data quantification. Numbers of embryos per gene and time class used for creating the integrated data set of early gap mRNA expression patterns shown in ( Fig. 8U) . In contrast, Hb acts as a strong repressor where Cad is present, which prevents gt expression in the central region of the embryo (Figs. 8U and V) . Finally, posterior gt expression is activated by Cad in the absence of Hb (Fig. 8V) . Second, we obtained separate gene circuits (based on Eq. (2)) for the anterior (g _ant) and the posterior (g_ post) gt domains. These circuits cover the same spatial domain as other gene circuits presented here, but were fit to data which was set to zero either in the anterior (25-55% A-P position; g_post) or the posterior (55-85%; g_ant) half of the model's spatial domain.
Such split early gt models have very low RMS scores of 12.5 for g_ant, and 5.6 for g_post (Figs. 8E, F , K, L, Q, and R). Graphical regulatory analysis shows that in these models, the anterior gt domain is regulated by Bcd activation in the absence of Hb repression (Fig. 8W) , while the posterior gt domain is activated by Cad, and its anterior border is set by strong Hb repression (Fig. 8X) .
Early Kr gene circuits
As is the case for gt, we failed to find any early gap gene circuits based on Eq. (2) which reproduce early Kr expression correctly. All of these models show high RMS scores and lack either the anterior (RMS score: 27.7) or the posterior (30.7) boundary of Kr (Figs. 9B, G, and L; Figs. 10B and C) . Graphical regulatory analysis shows that this is either due to excessively strong activation by Bcd, which overwhelms Hb repression in the anterior ( Fig. 8P ; Fig. 10B ), or activation by Cad (Fig. 10C) , which lacks a repressor counteracting it in the posterior region of the embryo. Almost identical results were obtained using extended early Kr circuits which include early protein , and gt (blue) are shown at (from top to bottom) cleavage cycle 10 (time class: C10), cycle 11 (C10), cycle 12 (C12), early cycle 13 (C13A), and late cycle 13 (C13B). Nuclear mRNA levels are shown in light, cytoplasmic levels in dark, saturated color. (P-R) Individual, segmented and backgroundremoved expression patterns are shown for Kr (P), kni (Q), and gt (R) at late cycle 13 (time class: C13B; see Table 1 for numbers of embryos displayed in these graphs). Earlier time classes show comparably high levels of variation. Graph axes represent relative mRNA concentration and A-P position as in Fig. 3 . Gray shaded background indicates the region of the embryo included in early gap gene circuits. See Fig. 1 for time classes.
expression of Gt, Kni, and Tll as external regulatory inputs to Kr (cf. Eq. (3); eGC models; data not shown).
We were able to obtain early Kr gene circuits which reproduce both boundaries of the central Kr domain using different modified modeling formalisms. In gene circuits with logarithmic dependence of regulatory contributions on regulator concentrations (Log circuits; Eq. (6) we observe a similar mechanism of Kr regulation (Figs. 9D,  I , N, and R). Both anterior and posterior borders of Kr are set through combined activation by Bcd and Cad. Auxiliary regulatory input for setting the anterior boundary is provided by Hb repression in combination with Bcd (Fig. 9R) .
Both of the above models have RMS scores which are far higher than those of comparable early gt or kni gene circuits. Although both borders of Kr are present, the dynamics of Kr expression are largely incorrect. In the expression data, the central Kr domain forms as a narrow central stripe in cycle 12 (Fig. 9F ). This stripe widens as it intensifies during cycle 13 (Fig. 9K ). Both models, on the other hand, show prematurely strong and wide Kr expression early on during cycle 12 (Figs. 9H and I) .
Gene circuits which allow for the postulated concentration-dependent regulatory effect of Hb on Kr (dHB circuits; Eq. (5)) also show two borders of Kr. However, RMS scores (21.1) are even higher than for Log or 3D models due to asymmetry of the Kr domain during cycle 13 (arrow in Fig. 9O ), in addition to the severe patterning defects observed in the other two models (Figs. 9E, J, and O) . Moreover, a concentration-dependent switch from Hb activation to repression -although explicitly allowed -does not occur in these models. Instead, Hb has a net activating effect, which sets the posterior boundary of Kr, while the anterior boundary is positioned by Cad activation (Fig. 9S) .
Spatial constraints for maternal regulation of gap gene domains
Our regulatory analysis of early gap gene circuits suggests that correct positioning of early gap domain boundaries relies crucially on a proper balance between Hb repression and activation by Bcd and/or Cad. In gene circuits based on Eq. (2), such balance is only approximately achieved for kni, whereas no correct solutions could be obtained for Kr or gt (see above). This raises the question whether there are zones along the A-P axis in which gaplike domains can, and zones in which such domains cannot be positioned by the maternal gradients of Bcd, Hb, and Cad.
The following numerical experiment was performed to address this question (cf. Reinitz et al., 1998) . Early, mRNA expression patterns of Kr were shifted anteriorly or posteriorly to obtain a series of artificial data sets by displacing the Kr domain to different positions along the A-P axis (Fig. 10 ). These data sets were then used to fit early gene circuits based on Eq. (2) (GC model). A large majority of these models lacks either one of the domain boundaries present in the data (Figs. 10A-C and  G) . Only Kr-shaped domains in the posterior region of the embryo (with boundaries lying within the region of 50-85% A-P Position) yield gene circuit models that produce a gap-like domain with two boundaries (Figs. 10D-G) . Graphical regulatory analyses of shifted Kr-like circuits are shown in Figs. 10A-F. Circuits which lack an anterior boundary consistently show strong activation by Bcd compared to relatively weak repression by Hb (Figs. 10A and  B) . In contrast, circuits which lack a posterior boundary show excessively strong activation by Cad (Fig. 10C) . Hb repression increases as the Kr-like pattern shifts posteriorly and spatial overlap between maternal Hb and gap gene mRNA is reduced (compare Figs. 10A, . In all models with two domain boundaries the anterior boundary is set by Hb repression while the posterior boundary is set by Bcd activation (Figs. 10D-F) , similar to the regulatory mechanism observed in early kni gene circuits (see Fig. 7 ).
Discussion
Establishment of early gap gene domains
The data set presented here extends previous qualitative studies of early gap gene expression by increasing accuracy and temporal resolution of embryo staging, and by enabling us to quantitate relative mRNA levels in both nuclei and cytoplasm. Gap gene mRNA is first detected in punctate nuclear patterns during cleavage cycles 11-12, and becomes increasingly more cytoplasmic during cycle 13. Only very low levels of Kr, kni, and gt mRNA are present before cycle 13, while all of these genes show a rapid and massive increase in mRNA expression during cycle 13 (Figs. 6A-O) . Consistent with the idea that gap gene regulation can be divided into early maternal and late zygotic phases, none of the early gap domains show detectable anterior shifts in the position of their domain boundaries before late cycle 13, i.e., before the onset of gap-gap cross-regulatory interactions which are responsible for shifts in gap domain boundaries during cycle 14A (Jaeger et al., 2004a) . Another new finding of this study concerns the timing of kni and gt expression. We were unable to detect any kni mRNA before mitosis 12, while expression of gt in both of its domains is initiated early compared to Kr and kni (Figs. 6A-O) . In contrast, previous reports had suggested that all of these gap genes initiate persistent transcription during cycle 12 (Knipple et al., 1985; Rothe et al., 1989; Mohler et al., 1989; Kraut and Levine, 1991b; Rothe et al., 1994; Pritchard and Schubiger, 1996) .
It is possible that our fluorescent in situ hybridization method fails to detect low levels of kni mRNA signal before mitosis 12. However, even strongly enhanced images of embryos stained for kni during interphase 12 show only non-specific background -which is uniform across nuclei and cytoplasm (Fig. 2X ) -while we observe very clear and strong nuclear dots of kni transcription in mitosis 12 and early interphase of cycle 13 -when overall kni expression levels are very low (Figs. 2Y; Figs. 4J, K, P, and Q). Furthermore, we detect expression of Kr and gt at the same stage or earlier than reported in previous studies which used non-fluorescent hybridization protocols (Knipple et al., 1985; Mohler et al., 1989; Kraut and Levine, 1991b) , suggesting that both staining methods achieve a comparable level of sensitivity.
Our data show low amounts of Kr expression in its anterior domain at late cycle 13 (Figs. 3L and R) , whereas earlier studies had not reported any expression in this domain before cycle 14A (Knipple et al., 1985; Harding and Levine, 1988) . The presence of such early mRNA expression in the anterior Kr domain is unexpected, since the corresponding protein domain does not form until almost 30 min laterduring mid cycle 14A (Poustelnikova et al., 2007) . This delay is much larger than the 10-15 min between appearance of Kr mRNA and Kr protein in the central region of the embryo (Fig. 3 and Poustelnikova et al., 2007) suggesting that translational regulation may be involved in establishing the anterior Kr protein domain.
Variability of early gap gene expression
As shown in Figs. 6P-R, the variability in expression levels and boundary positions is very large for all early gap mRNA patterns. Boundaries of early Kr mRNA domains vary by as much as 10% embryo length between individual embryos within the same temporal class (compare Figs. 3J, P with K, Q). This range of boundary positions is much larger than spatial variability observed for boundary positions of gap protein domains at any time during cycles 13 and 14A (Myasnikova et al., 2001; Houchmandzadeh et al., 2002; Spirov and Holloway, 2003) .
High variability was also observed for the relative expression levels of the anterior, compared to the posterior early gt domain. In most embryos during cycles 12 and 13, the anterior gt domain shows higher levels of mRNA than the posterior domain (e.g., Fig. 5K , L, Q, and R). However, variability in expression levels is high and some embryos show almost indistinguishable levels of expression in both gt domains ( Fig. 5J and P) . Such within-embryo variability cannot be caused by experimental error, since experimental conditions are uniform across each embryo, suggesting that the observed variability of early gap expression patterns is an intrinsic feature of the embryo.
Early gap gene domains also exhibit significant variability in timing of expression. Expression of gt appears to be initiated in different cleavage cycles (11 or 12) in different embryos (cf. Fig. 5) . Similarly, many embryos in cycle 12 show stronger Kr expression than embryos in early cycle 13 (data not shown). Similar temporal variability of early Kr and kni expression has been reported previously by Pritchard and Schubiger (1996) .
Taken together, this confirms earlier evidence suggesting that initiation of transcription and establishment of early gap domain boundaries is a highly stochastic process, and that positional precision is only established later -during cleavage cycles 13 and 14A (cf. Pritchard and Schubiger, 1996; Houchmandzadeh et al., 2002; Spirov and Holloway, 2003) .
Boundaries of gt and kni are established by maternal gradients
We have used gene circuit models as tools for a detailed regulatory analysis of early gap gene regulation by the maternal gradients of Bcd, Hb, and Cad. The results of our analysis are summarized in Fig. 11A . In the remainder of the Section 4, we provide a detailed discussion of these results in light of published experimental evidence.
The establishment of several posterior gap domain boundaries depends on the Bcd gradient. The fact that Bcd binds to the hb regulatory region (Driever and Nüss-lein-Volhard, 1989; , and that expression of hb expands posteriorly as Bcd dosage is increased implies that the posterior boundary of the anterior domain of hb is established by Bcd activation. Our analysis suggests similar mechanisms for the establishment of the posterior boundaries of the anterior gt and the posterior kni domains. In the case of gt, this is consistent with the anterior gt domain being absent in embryos from bcd mutant mothers (Eldon and Pirrotta, 1991; Kraut and Levine, 1991b) . In the case of kni, however, it is not clear whether this mechanism occurs in vivo for reasons outlined at the end of the following section.
Our analysis indicates that the anterior boundaries of the posterior domains of kni and gt are established through repression by maternal Hb. This is supported by the following evidence, kni expression expands anteriorly in hb and Hb (orange) at mid cycle 13 (C13). (E) Concentration differences (dv/dt) between cycle 12 (C12) and mid cycle 13 (C13) for Bcd (purple) and Hb (orange). Green background indicates increase, pink background decrease of concentration over time. Note that Hb repression increases while Bcd activation mostly decreases anterior of 50% A-P position, leading to a significant reduction of net activation in that region. Gray background in (B-E) indicates region of 25-50% A-P position in which we cannot obtain Kr-shaped domains (see Fig. 10 ) and in which Hb concentration changes rapidly during early blastoderm stage.
mutants, but ectopic kni expression is weaker in zygotic hb mutants than in embryos mutant for both maternal and zygotic hb (Hü lskamp et al., 1990) . Moreover, the posterior kni and gt domains are absent in embryos with ubiquitous maternal Hb (Nauber et al., 1988; Rothe et al., 1989; Eldon and Pirrotta, 1991; Kraut and Levine, 1991b; Rothe et al., 1994) , or in embryos overexpressing hb by a heat-shock promoter (Kraut and Levine, 1991a) . Lastly, ectopic kni and gt expression in the anterior region of embryos lacking maternal Bcd and Hb is repressed in a dosage-dependent way by reintroducing increasing copy-numbers of maternal hb (Struhl et al., 1992; Schulz and Tautz, 1995) .
Balance between Bcd activation and Hb repression
Our models show that proper balance between Bcd activation and Hb repression is crucial for correct early expression of gt and kni. In the case of gt, this balance cannot be achieved unless Hb repression is excluded from the region of the anterior gt domain where it otherwise overwhelms activation by Bcd (see Fig. 8 ). This implies that the regulatory effect of Hb on early gt expression cannot be simply proportional to the Hb concentration profile at the early blastoderm stage.
Two additional factors could be in effect. First, there is evidence that the early anterior and posterior gt domains are regulated by different regulatory elements, implementing different regulatory mechanisms (Berman et al., 2002; Schroeder et al., 2004) . Computational analyses have found a significant number of predicted Hb binding sites in the posterior element, while few such predicted sites were detected in the anterior one (Schroeder et al., 2004; OchoaEspinosa et al., 2005) . Note, however, that it remains unclear how regulatory input from such separate regulatory elements is integrated into regulation of the intact, endogenous gene (cf. Reinitz et al., 2003; Buchler et al., 2003) .
Alternatively, Hb regulatory activity could be modulated by the presence of Bcd in the anterior, and Cad in the central part of the presumptive germ-band region (cf. Figs. 8D, J, P, U, and V). A similar, context-dependent mechanism is involved in regulation of eve stripes two and three (see Fig. 7 in Reinitz et al., 1998) , where Hb activates stripe two with Bcd as its co-activator, while it represses stripe three on its own (Stanojevic et al., 1989 (Stanojevic et al., , 1991 Small et al., 1992 Small et al., , 1996 .
Imbalance between Bcd activation and Hb repression also causes patterning defects in models for early kni expression (see Fig. 7 ). This is due to the high level of Bcd activation required for setting the posterior boundary of the posterior kni domain which occurs in a region of extremely low Bcd concentration (Figs. 7A, E, and I) . This mechanism is supported by a molecular study which identified a regulatory element of kni that responds to extremely low levels of Bcd in a concentration-dependent manner (Rivera-Pomar et al., 1995) . However, the Bcd gradient is extremely shallow this far posterior in the embryo (Fig. 11B-D) . Moreover, in embryos from bcd mutant mothers, maternal Cad is sufficient to activate kni in a pattern which has a posterior boundary (Hü lskamp et al., 1990; Rothe et al., 1994; Rivera-Pomar et al., 1995) . Finally, kni expression expands all the way to the posterior pole in loss-of-function mutants of the terminal system (Rothe et al., 1994) . Therefore, it is likely that the terminal system -instead of Bcd -is responsible for setting the posterior boundary of kni. Note that this boundary only forms shortly before the onset of cycle 13 (see Fig. 4) , a stage at which Tll protein becomes detectable in the posterior pole region of the blastoderm (Poustelnikova et al., 2007) .
Early Kr boundaries require additional factors
In contrast to kni or gt, all gene circuit models of early Kr expression show severe patterning defects (see Fig. 9 ). Moreover, those models which reproduce both Kr boundaries exhibit patterning mechanisms which are inconsistent with experimental evidence. Circuits based on the Log and 3D models require activation by both Cad and Bcd to position anterior and posterior Kr borders (Figs. 9Q and R). However, Kr is expressed with both its boundaries present in embryos from bcd mutant mothers, and in embryos derived from germ-line clones lacking both maternal and zygotic Cad (Gaul and Jäckle, 1987; Olesnicky et al., 2006, and J. J. unpublished data) . Moreover, the anterior border of Kr is positioned correctly in embryos overexpressing cad by a heat-shock promoter (Mlodzik et al., 1990) . Similarly, circuits based on the dHB formalism exhibit a regulatory mechanism which requires activation of Kr by Hb for setting the posterior Kr boundary, but lack any repression of Kr by Hb (Fig. 9S) . This is incompatible with the fact that the central Kr domain expands anteriorly in maternal and zygotic hb mutants (Jäckle et al., 1986; Hü lskamp et al., 1990) , and that maternal Hb represses Kr in the anterior part of embryos with no or reduced activity of Bcd and the terminal system (Struhl et al., 1992; Schulz and Tautz, 1994) .
Experimental evidence (Jäckle et al., 1986; Hü lskamp et al., 1990) and previously published gap gene circuit models (Jaeger et al., 2004b; Perkins et al., 2006) suggest that the anterior border of Kr is set by Hb repression similar to the anterior boundaries of the posterior domains of kni and gt (see Fig. 11A ). However, our numerical experiments with early Kr gene circuits and shifted Kr-like patterns (see Figs. 9 and 10) indicate that the required balance between Hb repression and Bcd activation -the latter being the only possible mechanism for setting the posterior Kr boundary in these models -cannot be achieved in the region of the central Kr domain. This is due to the rapid increase in Hb protein levels during cycles 12 and 13 in the region anterior of approximately 50% A-P position (Figs. 11B, C, and E), which overwhelms Bcd activation and prevents a stable balance between maternal activation and repression in that region. This precludes the formation of stationary gap domain boundaries in exactly the region where maternal gradient slopes are expected to be high enough to reliably convey positional information (Figs. 11D and E) .
In summary, the above results imply that given the gradients of Bcd, Hb, and Cad as the only spatially specific maternal inputs, it is impossible to establish an early Kr mRNA domain without invoking regulatory mechanisms which contradict published experimental evidence on gap gene expression in maternal mutant backgrounds. It is important to note that to the best of our knowledge, all of this evidence is from embryos at late blastoderm stage -or cleavage cycle 14A. Therefore, it remains possible that early gap regulation is qualitatively different from regulation at later stages. This may be caused by regulatory mechanisms at the chromatin level which could allow or inhibit access to different sets of transcription factor binding sites in gap gene regulatory regions during early and late stages of regulation. Careful analyses of early gap gene expression patterns will be required to resolve this issue.
Obviously, our analysis depends crucially on the choice of models used. The gene circuit models presented here are not only highly generic but even in their most restrictive formulation they describe the later gap patterns more faithfully than other proposed models (Perkins et al., 2006) . Of course, we cannot eliminate the possibility that some other mathematical formulation -incorporating potentially surprising regulatory effects caused by complex interactions among transcription factors or enhancer elements, for instance -could reproduce early gap gene expression correctly. However, it is difficult to see how such interactions could eliminate the necessity for spatially specific regulatory inputs based on the graded distributions of either activators or repressors. Since these regulator distributions change rapidly and significantly in the central region of the embryo in a way which is inconsistent with the establishment of a stable domain boundary (see Figs. 11B, C, and E), it seems unlikely that known maternal gradients of Bcd, Hb, and Cad can provide sufficient positional information for correct initiation of localized Kr expression.
Given the caveats mentioned above, our results suggest that we are currently missing an important maternal regulator of early Kr expression. This factor could either consist of an additional activator, or a repressor counteracting Cad activation in the posterior region of the embryo. Such a regulator must act in a spatially specific way, since uniform regulatory effects would be captured by the threshold term h a in our models (see, for example, Eq. (2)), and in any case could not account for positioning of a domain boundary. It could have been missed in saturation mutagenesis screens for maternal factors (see, for example, Schüpbach and Wieschaus, 1986; Nü sslein-Volhard et al., 1987) , due to combined maternal and zygotic lethality of mutations in the factor in question, or due to the fact that incorrect initial positioning of Kr boundaries may be corrected at later stages leading to a non-lethal phenotype for such mutations. Alternatively, it is possible that the missing regulator is not a transcription factor at all. Posterior repression could be mediated by a microRNA, several of which are expressed in spatially specific patterns in the Drosophila blastoderm (Kosman et al., 2004; Biemar et al., 2005) . Lastly, we cannot exclude the possibility that spatially inhomogeneous effects on gene expression could be mediated by entirely non-genetic factors, such as localized mechanical stress (Farge, 2003) or localized ionic potentials (see, for example, Webster and Goodwin, 1996) .
A missing posterior regulator has also been proposedbased on theoretical evidence -to account for size regulation and precise positioning of the posterior border of the anterior hb domain (Houchmandzadeh et al., 2005; Howard and ten Wolde, 2005; McHale et al., 2006) . The posterior gradient of this factor must be correlated with variability in Bcd expression (Houchmandzadeh et al., 2005) or interfere with activation of hb by Bcd through repression of Bcd activity (Howard and ten Wolde, 2005; McHale et al., 2006) . No such specific requirements are necessary for the posterior regulator postulated here. Therefore, it remains unclear whether both regulation of early Kr and late hb expression could involve the same unknown regulator, or whether two distinct posterior signals are required to explain the observed phenomena.
As a final note, it must be pointed out that early gap gene regulation by maternal factors is at least partially redundant with later interactions involving zygotic gapgap cross-regulation. For example, embryos from homozygous hb mutant mothers can be rescued by a single copy of paternal zygotic hb Hü lskamp et al., 1989; Irish et al., 1989; Struhl, 1989; Simpson-Brose et al., 1994) . This -together with the observed reduction in variability of gene expression over time -strongly suggests considerable error-correcting capabilities of the gap gene system.
Experimental procedures
Data acquisition and processing
Gap gene mRNA was fiuorescently labeled by in situ hybridization using slightly modified standard protocols (Hughes and Krause, 1998; Wu et al., 2001; Kosman et al., 2004) . Wild-type (OregonR) embryos were collected at 0-3 h AED. Fixed embryos were hybridized using fluoresceinlabeled ribo-probes (made from full-length cDNA) against Kr, kni, or gt (Tsai and Gergen, 1994) . Embryos were permeabilized using acetone (Nagaso et al., 2001) . After hybridization, gap gene mRNA was visualized by incubation with rabbit anti-fluorescein antibody, followed by secondary anti-rabbit antibody labeled with Alexa Fluor 647. Nuclei were visualized using PicoGreen nuclear dye.
Laterally oriented embryos were scanned using confocal microscopy as described in Janssens et al. (2005) . Only one optical section was scanned to minimize processing time. Embryo images were cropped and aligned using whole-embryo masks (Figs. 2D and P; Janssens et al., 2005) . Image segmentation was performed as described in Janssens et al. (2005) with the following exceptions: Gap gene mRNA shows complex and dynamic subcellular localization in both nuclei and cytoplasm ( Figs. 2A-C) . mRNA concentrations in nuclei and their surrounding cytoplasm were quantified using different segmentation masks created from gray-scale images of PicoGreen staining (Figs. 2F and R) . For embryos in cycles 12 and 13, watershed and nuclear masks (Figs. 2S and U) were created as described in Janssens et al. (2005) . Cytoplasmic masks were obtained by subtracting nuclear masks from watershed masks (Fig. 2T) . In contrast, watershed segmentation is problematic for embryos in cleavage cycles 10 and 11 because it tends to create artifactual watershed domains between widely spaced nuclei. Since fusion of segmentation subdomains is rarely a problem in early masks, simple threshold-based nuclear masks were obtained for these embryos (Fig. 2I) . Threshold values were chosen interactively to ensure that all nuclei are captured by the mask. Masks covering both nuclei and surrounding cytoplasm were obtained by dilation of nuclear masks (Fig. 2G) . The number of dilations is chosen interactively to ensure a minimum number of fused subdomains. Finally, cytoplasmic masks were obtained by subtracting nuclear masks from masks covering nuclei and cytoplasm as described for cycle 12 and 13 embryos above (Fig. 2H) .
Embryo images are assigned to specific cleavage cycles between cycle 10 and cycle 13 (C10-C13) based on the number of nuclei present in the segmented data. Embryos undergoing mitosis were used for the descriptive study of expression patterns (see Figs. 3-5 ), but were excluded from the integrated data set used for model fitting (Fig. 6) . Subdivision of cycle 13 into two separate time classes (C13A/C13B) is based on careful visual inspection of morphological markers and gap gene expression dynamics at the mRNA level. Note that none of these criteria on its own proved sufficiently reliable and a combination of criteria had to be used for accurate classification. Kr, kni, and gt show a strong and rapid increase in their mRNA levels during cycle 13 (compare Figs. 2J and L, see also Fig. 6 ). Thus, expression levels can be used as a criterion for time classification under the assumption that lower expression levels precede higher ones. However, large variability in timing of expression between embryos may lead to inaccurate classification.
Therefore, two morphological features were used as additional classification criteria. First, changes in nuclear spacing and shape can be observed during cycle 13. Embryos in early cycle 13 show widely spaced, rounded nuclei which are somewhat flattened (Figs. 2K and V ). In contrast, embryos at late cycle 13 show more densely packed nuclei with somewhat square shapes when viewed along the basal-apical axis (Figs. 2M and W) . Second, the yolk-free zone of cytoplasm at the periphery of the embryo -called the cortical cytoplasm -widens perceptibly during cycle 13 (Figs. 2N , V, and W; see also Foe and Alberts, 1983 ). This marker is not very reliable for two reasons: first, the boundary between cortical and yolk-containing cytoplasm is not very regular and sometimes ill-defined, since yolk granule density decreases rather gradually into the cortical zone (Figs. 2V and W) . Still, independent control measurements suggest that fairly reliable measurement is possible (Fig. 2O) . Second, variability in the width of the cortical cytoplasm itself is large, especially between fixed and live embryos (compare Fig. 2N with V and W). For these reasons, this criterion was only used for additional staging information in case expression patterns and nuclear morphology/shape were inconclusive.
Non-specific background staining was removed as described in Myasnikova et al. (2005) . This method can be applied to early gap mRNA patterns since they closely resemble gap proteins patterns at early cycle 14A (see Myasnikova et al., 2005) . For unknown reasons, most C10 and C11 embryos stained for kni or gt showed extremely high levels of background causing the background-removal procedure to fail. These embryos had to be excluded from the integrated data set (see Table 1 and Fig. 6 ).
Expression patterns from all embryos stained for a specific gap gene and belonging to a specific time class were then averaged to yield an integrated expression pattern. For data averaging, 7 (C10), 13 (C11), 25 (C12), and 50 (C13A/B) equal-sized bins were defined along the A-P axis. Bin numbers were chosen based on the fact that in embryos at cleavage cycle 14A, approximately 100 nuclei span the entire length of the A-P axis (Foe and Alberts, 1983) . Expression data from the middle 10% along the D-V axis were assigned to bins according to the x-coordinate of their centroids. Concentration values for nuclei in each bin were then averaged for each gene in each time class to yield integrated one-dimensional expression patterns. Numbers of embryos used for both the descriptive study and the integrated data set for fitting of early gap gene circuits are summarized in Table 1 .
Numerical solution and optimization of models
Initial conditions and external maternal inputs for gap gene regulation are calculated by linearly interpolating integrated protein expression patterns for Bcd, Cad, and Hb taken from the FlyEx data base (Myasnikova et al., 2001; Poustelnikova et al., 2004 Poustelnikova et al., , 2007 . ODEs were solved numerically using a Bulirsch-Stoer adaptive step-size method (Press et al., 1992) . Solutions were tested for numerical stability by solving them at different levels of accuracy.
The cost function for our optimization problem is given by the sum of squared differences E ¼ X ðw a i ðtÞ model À w a i ðtÞ data Þ 2 þ E penalty ð7Þ
where w a i ðtÞ model is the concentration of the mRNA of gene a in nucleus i for time class t obtained by numerical integration of the model, while w a i ðtÞ data is the corresponding concentration value in the data. Summation is performed over the total number of data points N d , i.e., the number of mRNA measurements across all genes a, nuclei i and time classes t for which we have data. Each of the data sets used for optimization of early gap gene circuits contains N d = 86 data points. Note that we use the rootmean-square (RMS) score
as a measure for the quality of a gene circuit. In contrast to the cost function E, the RMS score is independent of N d and represents the average absolute difference between mRNA concentrations in data and model output. E penalty is a penalty term used for search space control, given by
where each Õ i term represents a function which is zero for parameter values within, and infinite for values outside of each parameter's search space limits. Initial search spaces were established based on previous experience with gap gene circuits (Jaeger et al., 2004b) . Search spaces were enlarged whenever optimization yielded model solutions which did not correctly reproduce expression data, or whenever parameter values were saturated close to a search space limit, until optimization solutions did not improve significantly anymore. We minimize cost function E by using a global optimization method called Lam simulated annealing (LSA; see Fig. 1 ; Kirkpatrick et al., 1983; Lam and Delosme, 1988a,b; . LSA is a heuristic method that has been very effective in obtaining solutions for much larger gene circuit problems than those considered here Jaeger et al., 2004b) . It is computationally very intensive, but yields better solutions than other optimization strategies on this kind of problem (J. R. unpublished data and Perkins et al., 2006) . LSA optimization runs took approximately 2-12 h each on single 3.0 Ghz Pentium P4 Xeon processors. Five independent optimization runs were performed for each model presented above. Unless noted otherwise, different solutions for the same model and parameter search space show RMS scores and parameter values which are identical up to at least the third decimal digit. Estimated values for gene circuit parameters used in this study are summarized in Table 2 .
Online resources
Expression data and early gap gene circuit models are available for download at: http://flyex.ams.sunysb.edu/lab/gaps.html. Source code for model and optimization code is available from the authors upon request.
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